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Mechanistic work with animals, studies of basic motor learning/control, and adaptations of interventions for adult stroke have resulted in a rapid expansion of pediatric therapy models for children with unilateral spastic cerebral palsy (CP). Interventions delivered at high intensity and grounded in motor learning principles have emerged as the models with the greatest level of evidence. As evidence accumulates, researchers are modifying and adapting treatments to fit the constraints of children and their families. Adapting therapeutic models to suit individual differences fits with modern health initiatives (e.g. precision medicine; International Classification of Functioning, Disability and Health) that emphasize how unique patient characteristics interact with the individual's environment and lifestyle. Social scientists have also long proposed the importance of the individual's relation to its environment. 1, 2 Such frameworks require that scientists consider a multilevel examination of the individual when studying any topics related to behavior, learning, perception, or health. The hierarchical levels include, but are not limited to, genes, neural activity (cellular level), neural systems organization, behavior, and the environment. Activities at these levels of analysis interact to shape development (Fig. 1) . Gottlieb 2 referred to this framework describing the coaction of organismic and environmental factors as 'probabilistic epigenesis. ' Within the framework, individuals can be viewed as a product of their development. Developmental experiences and the environment combine to produce distinct functional outcomes. Despite a singular diagnosis of unilateral spastic CP, each child has a unique developmental trajectory that affects the manifestation of impairments and responsiveness to therapy. Understanding of these individual trajectories might influence how the early environment can be structured to optimize early intervention. 3 Early intervention studies with infants at risk for or diagnosed with CP suggest that modifying the environment to promote self-initiated movement and task-specific training provide promising effects for improving the trajectory of motor development. 4 A recent systematic review concluded that there is considerable heterogeneity in the design and application of early intervention studies, but that structuring the environment to include trial-and-error learning, minimal assistive postural support, and providing support for parent-infant interaction may be the best means to promote motor development in children at risk. 5 In practice, knowledge of and appreciation for how development is viewed under the probabilistic epigenesis framework could help guide the decision-making process and application of evidence-based therapy.
The aim of this critical review is to summarize how current evidence for effective upper limb rehabilitation approaches in children with unilateral spastic CP can be synthesized based on this framework. Specifically, we examine how one-size-fits-all approaches for therapy may not be as efficacious as approaches based on specific individual characteristics and opportunities afforded by the child's environment. We provide examples of how intensive, motor-learning therapies are being used to target individuals based on emerging knowledge of how activity at various levels of analysis might impact responsiveness.
INTENSITY, REPETITION, AND ACTIVE PERFORMANCE IMPROVES UPPER EXTREMITY FUNCTION
Clinicians face the difficult task of treating a heterogeneous group when working with children with unilateral spastic CP. In many cases, a gap exists between clinical practice and current theoretical models grounded in scientific evidence. Novak et al. 6 systematically categorized studies for children with CP and concluded that most therapeutic interventions lack strong support for their efficacy. Most of these models include therapies where the child acts as a passive participant (e.g. passive stretching). In contrast, effective interventions for upper extremity rehabilitation are intensive therapies based on principles of motor learning. Most importantly, these efficacious models involve repetition and active, self-generated movements by the child-characteristics in animal training studies that are critical for inducing neuroplastic changes. 7 Two motor learning-based approaches that have been used with considerable success are constraint-induced movement therapy (CIMT) and intensive bimanual training. CIMT involves unimanual structured practice, whereas intensive bimanual training preserves the structured practice of CIMT, but focuses on coordinated bimanual activities. 8 There is sufficient evidence suggesting that CIMT, and bimanual training, when provided at high levels of intensity, leads to improvements in the amount and/or quality of unilateral upper extremity movement. 8 At the group level, the results of these studies are promising. However, there is large interindividual variability in terms of responsiveness. 9 Even among interventions with the highest level of evidence for efficacy, not all children improve equally. The disparity in improvements across individuals raises interesting questions about underlying individual factors that might relate to treatment efficacy.
INDIVIDUAL FACTORS POTENTIALLY MEDIATING RECOVERY Timing of lesion and age
According to a central dogma in the neuroplasticity literature (the Kennard principle), outcomes are more favorable the earlier a motor cortex lesion occurs given the greater potential for brain plasticity. However, the doctrine has come into question in light of evidence demonstrating the vulnerability of the young developing brain and the demands What this paper adds
• Considerable variability exists in how children with unilateral spastic cerebral palsy respond to intensive upper extremity therapies.
• Individual and environmental factors interact to shape responsiveness.
it faces during neurogenesis and myelination. 10 Several neuroimaging studies have shown a relationship among lesion type, timing, or size and functional ability of children with brain injury, whereas others have failed to find any link. 10 Unfortunately, the effects of timing and lesion size on outcome remain open to debate, partly as consequence of the lack of larger studies.
Studies of age and hand function have also provided mixed results. Longitudinal observations of bimanual performance in children with unilateral spastic CP suggest that performance almost plateaus by 3 years of age, thus leaving little room for continued improvements. 11 In contrast, other studies have shown that older and younger children improve equally after CIMT, and that dexterity and grasp coordination improve throughout protracted development. 8 The disparity in results could stem from the notion that age serves as a poor predictor of the integrity of the nervous system, and treatment responsiveness is better predicted by other neurophysiological variables.
Studies of the relation between hand function and age have tended to focus primarily on functional skills from later childhood. Development of manual skills in at-risk infants has received far less attention. The lack of focus on infancy is unfortunate given the observation that by 3 months of age in infants with typical development, the patterns of organization (see below) of the mature corticospinal tract (CST) are already emerging. 12 Starting intervention after a sensitive period of CST development might result in missing an opportunity to maximize recovery. One obvious challenge with providing intervention at earlier stages, however, is identifying how to shape the developing motor system before the emergence of sophisticated manual skills characteristic of later childhood.
Understanding the experiences that promote motor development in infants with typical development might provide insight. For example, Adolph and Franchak 13 argue that infants acquire an immense amount of practice in their natural environments using a variety of perceptual-action systems. The incredible numbers of repetitions they acquire in daily experiences serve as a form of trial-anderror learning that allows infants to discover how they can use their bodies for action. Similarly, Michel and Moore 1 summarize how self-stimulative and self-generated experience account for the progression of development of infant handedness. Subtle differences between the hands in visually stimulated activity concatenates into hand-use preferences for prehension. Understanding how these mechanisms of motor learning operate during early typical development provides clinical researchers with insight about the types of experiences infants developing in the context of brain injury might be missing.
Reorganization of descending motor pathways
Perhaps more important than the timing of the lesion is how the CST reorganizes after injury. Early brain injury disrupts mechanisms underlying CST pathway development. In animal studies, activity-dependent competition between hemispheres shapes the organization of projecting CST axons. 7 Early bilateral projections are pruned and a predominately contralateral organization emerges later in development. Reducing activity in the primary motor cortex of one hemisphere increases the competitive advantage of the non-involved active hemisphere thereby allowing it to maintain bilateral CST connections-including aberrant ipsilateral projections. Figure 2 shows examples of a child with ipsilateral CST fibers from the unaffected hemisphere (Fig. 2a) , and a child with contralateral CST fibers from the affected hemisphere (Fig. 2b) as identified by diffusion tensor imaging. Maintenance of anomalous ipsilateral connections has been implicated in reduced hand function.
14 As shown in Figure 2 , children with ipsilateral connectivity display a greater level of impairment in dexterity (Fig. 2c ) and poorer quality of bimanual performance (Fig. 2d) relative to children with contralateral connectivity.
CST organization has also been studied in relation to CIMT efficacy. Kuhnke et al. 14 showed differential effects of CIMT, with children exhibiting a contralateral CST demonstrating greater improvements in dexterity relative to children with an ipsilateral CST. A separate study found improvements in hand function after CIMT irrespective of CST organization. 9 Functional gains and neuroplastic changes have also been demonstrated after intensive bimanual training. 15 Further work is needed to dissociate the relationship between CST organization and responsiveness to intensive therapies. However, it is unlikely that CST organization alone will account for the variability in improvements. Integration between motor areas, via interhemispheric connections, may also have implications for functional outcome. Adding to the complexity is the notion that relationships between circuits for distinct functional systems (i.e. sensory) may also impact treatment efficacy.
Social and behavioral characteristics
Surprisingly, very little attention has been dedicated to understanding how characteristics such as intrinsic motivation or attention might relate to therapy efficacy. Charles et al. 16 found that the number of redirections during testing (i.e. possible surrogate of attention/engagement) highly correlated with changes in hand function after CIMT. Reduced engagement could potentially create a gap between testing capacity and performance, or reduce participation in therapy. The participation framework described by Imms et al. 17 suggests that task engagement should be given special consideration in studies as it may shape how a child experiences an intervention. This latter consideration is akin to von Uexk€ ull's 18 notion of the 'umwelt' or perceptual-reactive world of an organism. The concept is helpful for understanding the differential effects of the same environmental conditions on different children. 1 That is, the same type of therapy may have an effect on one child but not another, or on a child at one developmental stage but not another. Understanding the role individual factors may play in intensive therapy success is critical, as they may constrain the degree to which available therapies can be modified to suit individuals.
STRUCTURING OF THE ENVIRONMENT
The environment comprises the physical, cultural, or social milieu in which the child operates. Eliasson et al. 19 and Morgan et al. 20 outline theoretical frameworks that highlight the role the environment plays in rehabilitation. Eliasson et al. 19 argue that delivering training in the child's typical setting (i.e. at home) might enhance the efficacy of treatment and permits intervention when logistical constraints restrict access to intensive therapy. CIMT and intensive bimanual training are not ubiquitously practiced in clinics and there are often barriers that prevent families from attending. To avoid these constraints, interventions have been adapted to a home-based setting and have incorporated the use of caregivers. Programs that stimulate early development through coaching of families have provided promising results with parents developing techniques to encourage child self-initiated exploration. 21 Studies by Hadders-Algra et al. 5 suggest many of the experiences that contribute to motor development are likely to occur in daily routines. Thus, caregivers must be given proper tools through education and coaching to ensure they can structure the environment to afford practice. Another approach that has recently been developed, known as Goals-Activity-Motor-Enrichment (GAME), is aimed at infants at high risk of developing CP and involves motor-learning principles, goal-oriented activity-based therapy, and parent education. 22 The approach relies on active family participation with therapists coaching caregivers on how to structure activities to elicit specific, self-generated movements. GAME also incorporates the use CIMT and/or bimanual training. The feasibility of this approach has been documented and a randomized trial suggests promise. Importantly, GAME highlights the value of theoretically driven interventions that attempt to match environmental enrichment to child and developmental stage characteristics. Caregivers are a key component of the child's environment and the relationship can be used as the context to deliver critical components (i.e. intensity, repetition, feedback) of established therapies. Hadders-Algra et al. 5 describe a family-centered approach (COPCA) and highlight that the major difference between their paradigm and more traditional therapy is a focus by the therapist on parent education as opposed to direct facilitation of movement by the therapist with the infant. The COPCA approach creates a richer and more varied array of opportunities by coaching caregivers to permit the infant to actively explore affordances for movement whereas in traditional therapy infant movement is actively facilitated directly by the therapist.
EXPERIENCES WITH HABIT IN THE HOME ENVIRONMENT
Increased participation of the caregiver shifts the role of the child's therapist from directly treating the child to promoting caregiver competency. Fortunately, coaching caregivers to participate in their own child's intervention is facilitated by their enthusiasm-despite the challenges associated with the endeavor. To develop a family centered and meaningful home-based intervention for our randomized control trial, we surveyed 58 caregivers of children involved in a hemiplegia support group regarding their willingness to participate in various forms of home-based therapy ( Fig. 3 ; Appendix S1, online supporting information). Caregivers acknowledge the difficulty of performing a home-based intervention (Fig. 3a,c ), yet the overwhelming majority indicated they would participate if they were trained to perform the activities (Fig. 3b,d ). However, caregivers do not have the same expertise as therapists. The lack of experience increases the potential of disrupting the psychosocial dynamics within the family. To test the feasibility of a novel home-based hand-arm bimanual training (H-HABIT), 23 we attempted to measure its effects on the dynamic within parent-child dyads by tracking parental stress throughout the period of intervention. We found that H-HABIT did not disrupt psychosocial dynamics, as parental stress remained stable throughout the 9 weeks of the home training. This is in contrast to a study that found a temporary increase in parental stress after a bout of home-based CIMT. 24 One methodological difference that might account for the above discrepancies is that during caregiver training, we provided strategies to delineate 'therapy' time from the rest of their daily routine. Specifically, we encouraged caregivers when performing H-HABIT to use an exclusive set of toys/ activities that could only be used during the sessions, to consistently perform the activities in the same location in the home, avoid verbal prompting to use the hand outside of the daily training, and perhaps most importantly, to provide a subtle cue to the child that hinted at the distinctiveness of the home training period. For example, some caregivers wore 'therapy' hats/scarves while others decorated the table at which tasks were performed with colorful ribbons. Hence, children (and caregivers) could dissociate their behavior and How difficult would it be for you to participate in home-based bimanual training with your child that involved you performing activities 2 hours/day, 5 days/week for 9 weeks (90h total)? How difficult would it be for you to participate in home-based lower limb training with your child that involved you performing activities 2 hours/day, 5 days/week for 9 weeks (90h total)? the challenges faced during the training activities from the rest of their daily interactions. Another methodological challenge is that the nature of home-based interventions makes monitoring parents' performance in the delivery of activities difficult. Our feasibility study of H-HABIT involved local families with an experienced interventionist making in-person, weekly home visits home to provide feedback and model bimanual activities. However, providing in-person supervision of activities provides a logistical challenge when interventions include large numbers of children spread over a large geographical area. To include participants from a broader geographical range, our randomized control trial (RCT) of H-HABIT involved weekly supervision via telerehabilitation. Interestingly, children in our feasibility study that were supervised in-person demonstrated improvements in bimanual performance, whereas children in the trial who were supervised remotely did not show any changes (Fig. 4a) . We also observed a smaller attrition rate in the feasibility study (~10%) compared with the RCT (~20% for H-HABIT group). Home visits in the feasibility study provided greater accountability for families and allowed the supervisor to provide greater quality of feedback. When visiting the home, the supervisor could directly model tasks using the activities families owned. Providing support via telerehabilitation involved technical challenges (e.g. quality of audio/visual feed) and made it difficult to model activities for caregivers. Despite these challenges, children in the RCT demonstrated comparable improvements on performance and satisfaction of functional goals relative to the feasibility study (Fig. 4c,d) . They also showed improvements in dexterity relative to a control group ( Fig. 4b ; not measured in feasibility study). These results suggest that telerehabilitation offers increased accessibility of services that lead to improvements in certain aspects of hand function. Advancements in the quality of audio/visual supervision tools could help bridge the gap in supervision.
CONCLUSION
Active participation, intensity, and principles of motor learning are critical components of effective upper extremity rehabilitation for children with unilateral spastic CP. We suggest a gap in the literature with regards to the relationship between interindividual variability and responsiveness to therapy. Gottlieb's probabilistic epigenesis framework is proposed to emphasize the interrelatedness of individual factors at various levels with environmental factors throughout development. We argue that understanding the fit between individual factors and structure of the environment are critical for success. By understanding how individual factors may constrain therapeutic response, intervention providers can fine-tune their available tools to optimize fit. Although the probabilistic epigenesis framework divides the individual into analytical categories, the value of the framework is in synthesizing how activity at various levels produces individual differences. Individual differences preclude a one-size-fits-all approach. The framework also places emphasis on development. How therapy is administered or how the environment is structured will depend on developmental stages. For example, the types of functional motor skills practiced for older children will not be the same as for young infants at-risk or diagnosed with CP. One way to adapt training paradigms to earlier development is by providing training in the home, having caregivers deliver activities, and promoting movement opportunities.
The emerging evidence about individual characteristics and efficacy of intensive therapies suggests a complex and multifaceted picture of how best to provide therapy to children with unilateral spastic CP. The heterogeneity of motor impairments and diversity of etiologies in children with unilateral spastic CP suggests that answers to questions about which therapy is most effective are not straightforward. However, rather than viewing this complexity as too daunting a challenge, researchers should feel enthusiastic that as more is revealed about these intricate individual-environmental relationships, the better able providers will be suited to improve the functional abilities of children with unilateral spastic CP.
